A JB

Journals.ASM.org

Global Stress Response in a Prokaryotic Model of DJ-1-Associated
Parkinsonism

Nadia Messaoudi,>P Valérie Gautier,® Fatoum Kthiri,>® Gaelle Lelandais,” Mouadh Mihoub,?® Daniéle Joseleau-Petit,® Teresa Caldas,?
Chantal Bohn,© Leah Tolosa,® Govind Rao,? Kazuyuki Tao,® Ahmed Landoulsi,” Philippe Bouloc,* Gilbert Richarme®

Stress Molecules, Institut Jacques Monod, Université Paris, Paris, France?® Laboratoire de Biochimie et Biologie Moléculaire, Faculté des Sciences de Bizerte, Bizerte,
Tunisia®; Laboratoire de Signalisation et Réseaux de Régulations Bactériens, Université Paris-Sud, CNRS UMR8621, Institut de Génétique et Microbiologie, Orsay, France;
Department of Chemical and Biochemical Engineering, Center for Advanced Technology, University of Maryland Baltimore County, Baltimore, Maryland, USA;
Radioisotope Center, University of Tokyo, Tokyo, Japan®; Protein Engineering and Metabolic Control, Institut Jacques Monod, UMR7592-CNRS-Université Paris, Paris,
France'

YajL is the most closely related Escherichia coli homolog of Parkinsonism-associated protein DJ-1, a protein with a yet-unde-
fined function in the oxidative-stress response. YajL protects cells against oxidative-stress-induced protein aggregation and
functions as a covalent chaperone for the thiol proteome, including FeS proteins. To clarify the cellular responses to YajL defi-
ciency, transcriptional profiling of the yajL mutant was performed. Compared to the parental strain, the yajL mutant overex-
pressed genes coding for chaperones, proteases, chemical chaperone transporters, superoxide dismutases, catalases, peroxidases,
components of thioredoxin and glutaredoxin systems, iron transporters, ferritins and FeS cluster biogenesis enzymes, DNA re-
pair proteins, RNA chaperones, and small regulatory RNAs. It also overexpressed the RNA polymerase stress sigma factors sigma
S (multiple stresses) and sigma 32 (protein stress) and activated the OxyR and SoxRS oxidative-stress transcriptional regulators,
which together trigger the global stress response. The yajL mutant also overexpressed genes involved in septation and adopted a
shorter and rounder shape characteristic of stressed bacteria. Biochemical experiments showed that this upregulation of many
stress genes resulted in increased expression of stress proteins and improved biochemical function. Thus, protein defects result-

ing from the yajL mutation trigger the onset of a robust and global stress response in a prokaryotic model of DJ-1-associated

Parkinsonism.

YajL, the prokaryotic homolog of Parkinsonism-associated
protein DJ-1/Park7, belongs to the Pfpl/Hsp31/DJ-1 super-
family that includes chaperones (1, 2), peptidases (3, 4), and the
Parkinson’s disease protein DJ-1 (5, 6). The crystal structures of
YajL and DJ-1 are strikingly similar (7, 8), suggesting that the
proteins have similar functions. Both DJ-1 and YajL protect cells
against oxidative stress (5, 9). DJ-1 has been reported to function
as a weak protease (7), an oxidative-stress-activated chaperone
that prevents synuclein aggregation (10, 11), a weak peroxidase
that degrades hydrogen peroxide (12), a stabilizer of the antioxi-
dant transcriptional regulator Nrf2 that allows overexpression of
antioxidant enzymes (13), an apoptosis inhibitor via its interac-
tion with Daxx (14), and a translational regulator that stimulates
overexpression of selenoproteins, glutathione peroxidases,
NADH dehydrogenase, and cytochrome oxidase subunits (15, 16)
and uncoupling proteins (17). DJ-1 also suppresses rotenone-in-
duced oxidative stress in dopaminergic neurons by upregulating
total glutathione (GSH) and rescuing the GSH/glutathione disul-
fide (GSSG) ratio (18) and upregulates inducible Hsp70 (iHsp70),
which results in reduced a-synuclein toxicity (19).

YajL protects bacteria against oxidative stress and oxidative-
stress-induced protein aggregation, possibly through its chaper-
one function and control of gene expression (9). Protein aggrega-
tion depends on endogenous or exogenous oxidative stresses,
since it occurs in aerobiosis but not in anaerobiosis and increases
dramatically in the presence of hydrogen peroxide (9). Protein
aggregates mainly contain lone subunits of multiprotein com-
plexes, such as those of ribosomes and ATP synthase. In relation to
their function in oxidative-stress protection, YajL, and DJ-1 ex-
pressed in Escherichia coli, function as covalent chaperones that,
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upon oxidative stress, form mixed disulfides with sulfenylated
proteins of the thiol proteome, including chaperones, proteases,
ribosomal proteins, catalases, peroxidases, and FeS proteins (20,
21); accordingly, two major FeS proteins, aconitase B and NADH
dehydrogenase I, were almost inactive in the yajL mutant, and
both YajL- and DJ-1-overproducing plasmids rescued them (21).

Gene expression profiling in Parkinson’s disease brain samples
led to various results highlighting genes linked to protein misfold-
ing, the ubiquitin proteasome system, programmed cell death,
mitochondrial functions, G protein signaling, and transcriptional
regulation and to a-synuclein, dopamine, and synaptic genes
(22). Most of the highlighted genes were downregulated, probably
as a consequence of the disease, whereas others were upregulated
(generally 1.2- to 2.5-fold) and may represent compensatory
mechanisms in response to cell stress: overexpressed genes in the
substantia nigra of the Parkinson’s disease brain included genes
coding for chaperones (23-25), glutathione S-transferases (25,
26), fibroblast and connective tissue growth factors, laminin S,
STATG6, EIFG4G1, ribosomal proteins, and various unrelated pro-
teins (23). In contradictory reports, however, several of these
genes were found to be underexpressed (22, 25, 26). Thus, gene
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expression profiling of the Parkinson’s disease brain does not
provide a clear view of whether cells set up a coherent defense
against the disease or whether they merely undergo widespread
damage (22).

The transcriptional profiling of the yajL mutant was investi-
gated in order to understand how cells protect themselves from
YajL deficiency. In contrast to the conflicting results obtained with
eukaryotic cells (16), our results show that mutant cells generate a
global and coherent stress response that helps alleviate the YajL
defect.

MATERIALS AND METHODS

Construction of the yajL-disrupted strain. The chromosomal yajL gene
of strain DY330 was replaced by a kanamycin resistance gene (kan) using
a combination of two published protocols (27, 28) as described previously
(29). Oligonucleotides 1110 (GAG TGA ATA TGA GCG CAT CTT CAC
TGG TTT GCC TCG CCC CTG AAG TGT AGG CTG GAG CTT C) and
1111 (GTT TTT ACG TCG CAT CTG GTC AGA TGC GAC GTT TGC
CTC ATC CGA CAC TAC ATA TGA ATA TCC TCC TTA G), used to
amplify the pKD4 kanamycin resistance gene to create the AyajL2::kan
allele, were designed to keep intact the vicinal panE gene after gene re-
placement. The AyajL2::kan allele was transduced to strain MG1655 by
Plvir-mediated transduction (30). The kanamycin resistance cassette
flanked by flippase recognition targets was removed using pCP20 (27).
The resulting gene deletion was checked by PCR, and the absence of YajL
was confirmed by imunoblotting (data not shown).

Preparation of bacterial extracts. Bacterial extracts were prepared by
ultrasonic disruption of cells grown under aeration in LB medium to
exponential phase (optical density at 600 nm [ODg,,] = 0.3) (Branson
Sonic Power Co.; 10 times for 10 s each time; 50% duty) in buffer con-
taining 30 mM Tris, pH 8, 30 mM NaCl, 1 mM dithiothreitol, followed by
centrifugation for 15 min at 30,000 X g at 4°C (9).

DNA microarray measurements. The yajL mutant and the parental
strain, MG1655, were grown under aeration to exponential phase
(ODgyo = 0.3) in LB rich medium (30). Total RNAs were extracted and
treated twice with DNase I (30, 31). RNA quality was monitored with
a 2100 Bioanalyzer (Agilent, Santa Clara, CA). Transcriptome experi-
ments were performed using E. coli Affymetrix (Santa Clara, CA) DNA
chips by Cogenics (Newton, MA) according to the standard manufac-
turer’s instructions. Hybridized arrays were stained using the Af-
fymetrix protocol. Samples were duplicated biologically, and we cal-
culated the average of gene expression ratios from both experiments.
Genes were considered to be clearly induced if the absolute value of the
expression ratio was higher than 2, and genes displaying too low a
signal intensity were removed from the analysis.

Microarray analysis and data processing. After image quantification
and global signal correction (following the manufacturer’s instructions),
the ratios between intensity values measured in the yajL mutant and its
parent, MG1655, were calculated and normalized using the standard
Lowess procedure (32). This statistical correction has the advantage of
removing intensity-dependent effects in the observed log,(ratio) values
and is thus well adapted to correct systematic bias related to low-intensity
measures. As an additional filter, probes with low-intensity signals in the
yajL mutant (<250) compared to background distribution were excluded
from subsequent analyses. Reproducibility between results obtained with
different microarray replicates was verified and used to eliminate genes
with artifactual signals. Finally, to assess whether any of the cellular func-
tions associated with the genes identified as upregulated in the yajL mu-
tant (Table 1) were observed at a frequency greater than that expected by
chance, P values were calculated as described previously (33) (hypergeo-
metric distribution). Note that this approach was previously successfully
applied (34).

GFP reporters of oxidative-stress genes. We used six oxidative-stress
probes (for soxS, sodA, zwf, acnA, katG, and ahpC), composed of stress
gene promoters cloned upstream of the gene coding for green fluorescent
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protein (GFP) (translational fusions) and inserted into pGlow-TOPO
plasmids (Invitrogen) (35). Reporter plasmids were transformed into the
yajL mutant and its parental strain; bacteria were grown in exponential
phase in LB medium (30) and washed once with 63 mineral medium (30),
and GFP reporter expression was quantified by measuring the GFP fluo-
rescence of cells with a Hitachi spectrofluorimeter (excitation at 395 nm;
emission at 509 nm).

Immunodetection of cellular proteins. Crude bacterial extracts (for
the detection of DnaK, GroEL, and ClpB) or samples taken from cultures
growing in LB medium and precipitated with 10% trichloroacetic acid
(TCA) (for the detection of sigma 32 and sigma S) were separated by
SDS-PAGE, transferred to nitrocellulose membranes (polyvinylidene di-
fluoride [PVDF] membranes for sigma S), and probed with anti-DnaK
(4), anti-GroEL (4), anti-ClpB (36), anti-sigma 32 (Neoclone Biotechnol-
ogy), and anti-sigma S (Abcam) antibodies (37).

OxyR redox state. Bacteria were treated with trichloroacetic acid; sol-
ubilized proteins were separated by nonreducing SDS-PAGE (38), and
OxyR was visualized by Western blot analysis (OxyR disulfide migrates
faster than reduced OxyR). Protein bands were quantified by using Image]J
software.

H,0,-scavenging activities by whole cells and measure of superox-
ide dismutase activity. Midexponential-phase cells at an OD, of 0.3
were washed with phosphate-buffered saline, resuspended in phosphate-
buffered saline at an OD, of 0.03, and tested for 1.5 wM H,0, scaveng-
ing using the Amplex red-horseradish peroxidase assay (39). SodA and
SodB activities were measured in crude bacterial extracts (prepared in 30
mM Tris, pH 7.5, 30 mM NacCl) by using an in-gel assay (40).

GSH pool and GSH/GSSG ratio. GSH and GSSG were tested in a
bacterial perchloric acid extract (41) prepared from cells grown in LB
medium in exponential phase and harvested at an OD, of 0.3; total
glutathione (GSH plus GSSG) was measured using the glutathione reduc-
tase assay. For GSSG determination, samples were pretreated for 1 h with
5% 2-vinylpyridine at 22°C before analysis by the glutathione reductase
assay. Intracellular glutathione concentrations were calculated as de-
scribed previously (41).

Trehalose pool. Trehalose pools were tested in bacterial perchloric
acid extracts; trehalose was measured using the Megazyme trehalose
assay kit (Megazyme International Ireland Limited).

Determination of mutation rates. Bacteria were grown to saturation
in LB medium. The total titer and the titer of rifampin-resistant mutants
were determined by plating samples on plates with no drug or 100 p.g/ml
rifampin; colonies were counted after 2 days of incubation.

Apurinic-site counting in DNA. DNA was purified using a DNA iso-
lation kit, and the number of apurinic sites was assessed using the DNA
damage AP Site Counting kit (Cell Biolabs Inc.) according to the manu-
facturer’s instructions.

Microscopic observation of bacterial cells. Two milliliters of bacteria
grown in LB medium to an ODy, of 0.1 was treated with 100 pl of 37%
formaldehyde and 1.6 pl of 25% glutaraldehyde. After a 15-min incuba-
tion at 22°C, the bacteria were centrifuged, washed 3 times with M9 me-
dium, and resuspended in 50 pl of M9 medium (30). Eight microliters of
bacteria was mixed with 2 pl of the membrane-binding fluorescent dye
FM4-64 (1 pg/ml) and incubated at 40°C; 8 pl of low-melting-point aga-
rose preincubated at 40°C was added, and 3 pl of the mixture was depos-
ited on a slide and covered with a coverslide.

Microarray data accession number. The microarray data were depos-
ited in the Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih
.gov/geo/) under accession no. GSE42702.

RESULTS

The yajL mutant and the parental strain, MG1655, were grown
under aeration to exponential phase (ODgy, = 0.3) in LB rich
medium (30), and their gene transcription was analyzed using
oligonucleotide arrays. In addition, biochemical experiments
showed that upregulation of many stress genes resulted in in-
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TABLE 1 Upregulated genes in the yajL mutant

Stress Response in a Bacterial yajL Mutant

TABLE 1 (Continued)

Gene Gene
expression expression
Gene ratio” Product or function Gene ratio” Product or function
Chaperones, proteases, lexA 3.4 SOS response regulator
and peptidases sulA 4.5 Cell division inhibitor
dnaK 2.1 Chaperone 70 hns 2.8 Histone-like protein HNS
dna] 2.3 Chaperone 40 hupAB 3.3 Histone-like protein HU
grpE 2.8 Nucleotide exchange factor
clpB 1.9 Chaperone 100 RNA metabolism
tig 2.2 Chaperone, PPI rpoD 1.2 Sigma 70 (housekeeping)
htpG 1.7 Chaperone rpoH 2.4 Sigma 32 (heat)
lon 5.1 Protease rpoE 4.2 Sigma 24 (heat)
cpX 4.4 Chaperone (proteolysis) rpoS 3.9 Sigma S (multiple stresses)
clpP 2.0 Protease rpoN 3.2 Sigma N (nitrogen metabolism)
ftsH 5.9 Protease cspA 1.9 Cold shock protein
pepD 3.2 Peptidase cspB 2.2 Cold shock protein
pepP 5.1 Peptidase cspE 7.4 Cold shock protein
pepQ 2.0 Peptidase cspF 3.2 Cold shock protein
pepN 2.1 Peptidase cspG 2.5 Cold shock protein
s 2.5 4.58 RNA
Chemical chaperones and ssTA 1.9 tmRNA
osmotic stress ssrS1 2.6 6S RNA
proP 3.5 Proline transport gcvB 8.0 GevB RNA
p roVWX" 4.5 Glycine betaine transport @ Gene transcription was analyzed using oligonucleotide arrays, as described in
otsA 5.5 Trehalose synthesis Materials and Methods. Gene expression ratios between the yajL mutant and the
otsB 4.4 Trehalose synthesis parental strain are shown. P values associated with the overexpression in the yajL
acrA 3.2 Efflux pump mutant of genes involved in the different functions (chaperones/proteases/peptidases,
acrB 25 Efflux pump chemical chaperones/osmotic stress, iron metabolism, oxidative-stress resistance, DNA
t0lC 23 Efflux pump mejibolism [SOS regulation], and RNA metabolism) were highly significant (less than
ompA 4.3 Porine ‘}()Th )- . . L
ompC 30 Porine e mean value ofthe expression ratios for each gene 1s given.
ompF 2.6 Porine
osmC 5.9 Peroxidase . . . . .
creased expression of stress proteins and improved biochemical
Iron metabolism function.
fur 3.5 Regulator Chaperones and proteases. Molecular chaperones prevent the
entA to entF" 48 Enterochelin synthesis aggregation of proteins and promote their efficient folding,
dps 8.2 Ferritin whereas proteases degrade misfolded proteins that cannot be re-
iscS 5.0 Cysteine desulfurase folded. Some chaperones and proteases are expressed constitu-
sufS 45 Cysteine desulfurase tively, but many of them are overexpressed upon environmental
for 6.7 NADP:ferredoxin OR or protein stresses (42, 43). Several chaperones were 1.9- to 2.5-
Oxidati . fold upregulated in the yajL mutant compared with their levels in
xidative-stress resistance . A
sodA 26 Superoxide dismutase the parent‘al strain. These included the DnaK—DnaI-GFpE chaper-
sodB 4.8 Superoxide dismutase one machine, which is a central player in protein folding and sol-
katE 2.0 Catalase ubilization; the disaggregating chaperone ClpB; and the nascent
katG 4.6 Catalase chain-associated protein trigger factor (Table 1). In contrast, the
ahpCF® 2.5 Alkylhydroperoxide reductase folding chaperone GroEL/GroES and the small heat shock pro-
ipx 3.1 Peroxidase teins IbpA and IbpB were expressed at normal levels (data not
bep 25 Peroxidase shown). Several proteases and their associated chaperones (Lon,
frxB 1.9 Thioredoxin reductase ClpA, ClpX, ClpP, and FtsH) and several peptidases (PepP, PepD,
treA 24 Thioredoxin | PepN, and PepQ) were 2- to 6-fold overexpressed in the yajL mu-
frxC 60 Thioredoxin 2 tant (Table 1). We measured GroEL, DnaK, and ClpB levels in the
gor 1.9 Glutathione reductase K R X X X R
arxB 35 Glutaredoxin 2 yajL mutant by 1mmunol?lott1ng bz?cterlial extracts with anti-
wf 1.8 G6PDH GroEL, anti-Dnak, and anti-ClpB antibodies: whereas GroEL was
IpdA 23 Lipoamide dehydrogenase expressed at slightly lower levels in the mutant (mutant/parental
strain ratio, 0.8), DnaK and ClpB were overexpressed 1.8-fold and
DNA metabolism 2.5-fold, respectively, in accordance with the increased expression
polB 6.0 Translesion polymerase of their mRNAs (Fig. 1A).
dinB ) >:2 Translesion polymerase Since unfolded proteins act as intracellular signals for induc-
uvrA to uvrl) 41 Nl,ldeonde excision repatr tion of the heat shock response (42, 43), the overexpression of
mut 37 Mismatch repair chaperones, proteases, and peptidases in the yajL mutant likel
recA 3.5 Recombinase i ? pep ra U
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FIG 1 Levels of chaperones and chemical chaperones. (A) DnaK, GroEL, and ClpB levels. Extracts from the yajL mutant and the parental strain (wild type [wt])
were probed with anti-DnaKk, anti-GroEL, and anti-ClpB antibodies, and protein amounts in the wild-type strain (black bars) and the yajL mutant (gray bars)
were quantified by using Image]J software (right). The data represent the means of three independent experiments. (B) Trehalose pools. Perchloric extracts from
the yajL mutant and the parental strain (after exponential growth in LB medium containing 0.3 M NaCl) were analyzed for trehalose content. The data represent
the means of three independent experiments. The error bars represent standard deviations.

and is probably mediated by the overexpression of sigma 32, the
main regulator of the E. coli unfolded-protein response (see be-
low). Overexpression of trigger factor in the yajL mutant may be
linked to its ribosomal and translation accuracy defects (44). The
clear results showing overexpression of chaperones and proteases
in the yajL mutant contrast with contradictory results obtained in
Parkinson’s cells (24, 25, 45) and are in accordance with the pro-
tein aggregation phenotype of this mutant (9, 20, 21).

Osmotic-stress proteins and chemical chaperones. Bacteria
and plants accumulate osmocompatible solutes (e.g., glycine be-
taine, proline, trimethylamine, trehalose, and glycerol) in re-
sponse to salt stress or desiccation (46). Accumulation of osmo-
protectants, however, is also induced by various environmental
stresses and in stationary phase. Moreover, osmocompatible sol-
utes function as chemical chaperones and prevent protein dena-
turation by stabilizing their native state. Trehalose protects yeast
cells against heat and oxidative stresses (47), glycerol and trimeth-
ylamine prevent formation of the pathogenic scrapie prion pro-
tein in mouse neuroblastoma cells (48), and proline and glycine
betaine confer thermotolerance on E. coli dnaK mutants (49, 50).
Genes coding for the proline and glycine betaine transporters
ProP and ProVWX, and for the trehalose synthesis enzymes OtsA
and OtsB, were severalfold overexpressed in the yajL mutant, sug-
gesting that chemical chaperones may be used by the mutant to
alleviate its protein stress (Table 1). We measured the trehalose
pools of the yajL mutant and the parental strain after exponential
growth in LB medium containing 0.3 M NaCl and found that the
trehalose concentration was severalfold higher in the mutant (62
mM, a concentration sufficient to reduce protein aggregation
[51]) than in the parental strain (24 mM) (Fig. 1B).

Genes coding for the multidrug efflux pump AcrA-AcrB-TolC
were also overexpressed (Table 1), suggesting that hydrophobic
compounds induce the efflux pump in the mutant (52). Fatty
acids and bile salts are known inducers of AcrAB (50), and defects
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in lipid and/or membrane metabolism in the yajL mutant might
result in AcrAB induction. Hydrophobic peptides generated by
protein degradation (4) might be inducers and substrates of the
efflux pump, as well.

The outer membrane protein OsmC (a peroxidase for organic
hydroperoxides) was 4.8-fold overexpressed in the yajL mutant,
and porins OmpA, OmpC, and OmpF (required for peptide as-
similation [53]) were also overexpressed (Table 1). The induction
of these porins might be related to the nitrogen assimilation defect
of the yajL mutant (V. Gautier, N. Messaoudi, J. Dairou, and G.
Richarme, unpublished data). The overexpression of sigma S in
the yajL mutant (see below) likely mediates the upregulation of
several osmotic-stress genes (proP, proVWX, otsA, otsB, and osmC
are controlled by sigma S [54]). The upregulation of genes coding
for chemical chaperones and the activation of hydrophobic com-
pound efflux systems in the yajL mutant suggests that this mutant
uses a variety of mechanisms to alleviate its protein aggregation
defect (9, 20, 21).

Oxidative stress. Oxidative stress is a hallmark of protein ag-
gregation diseases, including Alzheimer’s and Parkinson’s dis-
eases (5), and both DJ-1 and yajL mutants are hypersensitive to
oxidative stress (5, 9, 20). Genes coding for reactive oxygen species
(ROS)-scavenging enzymes were 2- to 5-fold overexpressed in the
yajL mutant, including those coding for superoxide dismutases
SodA and SodB; catalases KatE and KatG; and peroxidases Ah-
pCF, Tpx, and Bcp (Table 1). Several genes coding for protein
oxidoreductases (55, 56) were 2- to 6-fold overexpressed, includ-
ing those coding for thioredoxin reductase, thioredoxin 1, thiore-
doxin 2, and glutaredoxin 2. Other overexpressed genes coded for
glucose-6-phosphate dehydrogenase, glutathione reductase, and
lipoamide dehydrogenase. Oxidative-stress genes involved in tol-
erance for DNA damage (57) were also overexpressed (see “DNA
metabolism” below).

We measured the expression of oxidative-stress genes in the
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FIG 2 Expression of oxidative-stress probes. Expression of green fluorescent
protein reporters for soxS, sodA, zwf, acnA, katG, and ahpC in the wild-type
strain (black bars) and the yajL mutant (gray bars) was quantified by measur-
ing the GFP fluorescence of cells (grown to exponential phase in LB medium)
with a Hitachi spectrofluorimeter (excitation at 395 nm; emission at 509 nm).
Gene expression values in the parental strain were normalized to 1. The data

represent the means of three independent experiments. The error bars repre-
sent standard deviations.

Fold induction

yajL mutant by using translational fusions between soxS, sodA,
zwf, acnA, katG, ahpC, and the gene coding for green fluorescent
protein (35). Expression of soxS (transcriptional regulator of the
SoxRS oxidative-stress regulon), sodA (superoxide dismutase
SodA), zwf (glucose-6-phosphate dehydrogenase), acnA (aconi-

Stress Response in a Bacterial yajL Mutant

tase A), katG (catalase KatG), and ahpC (alkylhydroperoxide re-
ductase AhpC) was 1.2- to 1.7-fold higher in the yajL mutant than
in the parental strain (Fig. 2). By using an in-gel assay (40), we
measured the superoxide dismutase activities of the yajL mutant
and found that SodA and SodB were 1.2- and 1.7-fold more active,
respectively, than in the parental strain (Fig. 3B). We reported
previously that the hydrogen peroxide pool was smaller in the yajL
mutant (0.22 wM) than in the parental strain (0.27 pM) (9), and
we show in Fig. 3A that the mutant is as efficient as the parental
strain in detoxifying hydrogen peroxide. In contrast, as previously
reported (39), the katE katG ahpC mutant (deficient in catalases
KatE and KatG and in alkylhydroperoxide reductase AhpC) was
severely impaired in hydrogen peroxide detoxification (Fig. 3A).
Total glutathione levels were slightly higher in the mutant than in
the parental strain (9.6 mM and 8.1 mM, respectively), and GSH/
GSSG ratios were similar in both strains (285 and 305, respec-
tively) (Fig. 3C), suggesting that, in contrast to the contradictory
results reported for DJ-1 mutants (6, 19), the endogenous oxida-
tive stress observed in the yajL mutant does not result from defects
in glutathione metabolism. Overexpression of genes coding for
ROS-scavenging enzymes and protein oxidoreductases in the yajL
mutant may explain its low hydrogen peroxide levels (9) and its
normal glutathione (this study) and protein dithiol/disulfide re-
dox states (20). Despite its low hydrogen peroxide levels, the yajL
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FIG 3 Hydrogen peroxide scavenging, superoxide dismutase activities, and glutathione pools. (A) Kinetics of 1.5 uM H,0O, decomposition by wt (solid circles),
yajL (open circles), and katE katG ahpC (triangles) cells suspended in phosphate-buffered saline at an ODy, of 0.03. The data represent the means of three
independent experiments. (B) SodA and SodB activities measured in crude bacterial extracts by the in-gel assay and quantified by using Image]J software (bottom)
(wild-type strain, black bars; yajL mutant, gray bars). Superoxide dismutase activities in the parental strain were normalized to 1. The data represent the means
of four independent experiments. (C) GSH and GSSG levels were measured in bacterial perchloric acid extracts by using the glutathione reductase assay, as
described in Materials and Methods. The arbitrary value of 1 represents an intracellular concentration of 9.6 mM. The data represent the means of three

independent experiments. The error bars represent standard deviations.
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FIG 4 Disulfide bond formation in the oxidative-stress regulator OxyR. (A) Disulfide bond formation of OxyR, following exposure of bacteria to increasing
hydrogen peroxide concentrations, was analyzed by SDS-PAGE. OxyR was detected with anti-OxyR antibodies. The oxidized (Ox) form of OxyR (OxyRgs)
migrates faster than the reduced (Red) form [OxyR s),]. (B and C) Protein amounts in the wild-type strain (black bars) and the yajL mutant (gray bars) were
quantified by using Image] software and are represented at different hydrogen peroxide concentrations. The values are averages of the results of three indepen-
dent experiments. (D) Hydrogen peroxide-induced overexpression of the AhpC-GFP reporter in the yajL mutant (open symbols) and the parental strain (solid
symbols) after a 10-min exposure to 1 mM hydrogen peroxide (hydrogen peroxide was added to bacteria growing in LB medium at time zero and eliminated after
10 min by centrifugation and resuspension of bacteria in fresh LB medium). The data represent the means of three independent experiments. The error bars

represent standard deviations.

mutant undergoes inactivation of several FeS enzymes, including ac-
onitase Band NADH dehydrogenase I, probably because the covalent
chaperone activity of YajL is absent in the mutant (20, 21).

To explain the induction of the oxidative-stress response in the
yajL mutant, we investigated the redox state of its oxidative-stress
regulator OxyR (OxyR is activated upon oxidative stress by cys-
teine 199 sulfenylation and disulfide formation between C199 and
C208) (38). Bacteria were incubated in the absence or in the pres-
ence of hydrogen peroxide and immediately treated with TCA;
proteins were separated by SDS-PAGE, transferred to nitrocellu-
lose, and probed with anti-OxyR antibodies. In the absence of
hydrogen peroxide, a significant amount of OxyR disulfide
(around 7%) was detected in the mutant, but not in the parental
strain (Fig. 4A and B); OxyR oxidation increased with increasing
hydrogen peroxide concentrations and occurred at lower hydro-
gen peroxide concentrations in the mutant than in the parental
strain (Fig. 4A and C). (Since the yajL mutant has low hydrogen
peroxide levels [9], its basal increase in OxyR disulfide formation
cannot be attributed to high hydrogen peroxide levels. It likely
results from increased OxyR sulfenylation; increase in protein sul-
fenylation has been reported in the yajL mutant [20], as well as
conversion of the sulfenylated form to the disulfide form.)

To confirm the role of YajL in the OxyR-regulated stress re-
sponse, we measured the expression kinetics of the ahpC-ahpGFP
reporter (OxyR regulated) after exposure to 1 mM hydrogen per-
oxide stress for 10 min. As shown in Fig. 4D, overexpression of
AhpC-AhpGFP was greater in the yajL mutant than in the parental
strain and lasted for longer after the stress had abated. This sug-
gests that the yajL mutation affects both the efficiency and the
kinetics of the oxidative-stress response by favoring the formation
and durability of transcriptionally active forms of OxyR (e.g., sul-
fenyl and disulfide species).

Since full OxyR oxidation triggers a 5- to 50-fold overexpres-
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sion of genes under its control (58, 59), the 7% basal oxidation in
the yajL mutant may explain the 1.5- to 8-fold upregulation of
OxyR target genes (katG, ahpC, ahpF, trxC, gor, dps, fur, and sufS).
Moreover, the overexpression of soxS, sodA, zwf, fpr, and acnA
(regulator and members of the SoxRS regulon, respectively) re-
ported above suggests that the SoxRS regulon is also activated in
the yajL mutant. Overexpression of several oxidative-stress genes
in the mutant may also result from sigma S overexpression (see
below), since katE, katG, gor, dps, and sufS are sigma S inducible
(54). Thus, the three main regulators of the oxidative-stress re-
sponse are activated (OxyR) or overexpressed (SoxS and sigma S)
in the yajL mutant, resulting in the overexpression of many oxi-
dative-stress genes.

Iron metabolism. Iron metabolism and oxidative stress are
closely linked, especially because FeS clusters are particularly sen-
sitive to reactive oxygen species and ferrous iron catalyzes hy-
droxyl radical formation via the Fenton reaction (58, 60). Many
genes involved in iron metabolism were overexpressed in the yajL
mutant, such as genes coding for synthesis of the enterochelin
siderophore (entABCDEF) (Table 1). The ferritin Dps was 8-fold
overexpressed, whereas ferritins Bfr, FtnA, and FtnB were ex-
pressed at normal levels (not shown). IscS and SufS, two cysteine
desulfurases involved in FeS cluster biogenesis, and the ferredoxin-
NADP reductase Fpr (also involved in FeS cluster biogenesis) were
severalfold overexpressed, as was the global iron-dependent tran-
scriptional regulator Fur. Thus, the yajL mutant overexpresses
genes involved in iron acquisition and FeS cluster biogenesis.
Since FeS protein defects have been reported to trigger overex-
pression of iron transporters and cysteine desulfurases (61), the
occurrence of such defects in the yajL mutant (in which aconitase
B and NADH dehydrogenase I are almost inactive [21]) may ex-
plain the overexpression of iron metabolism genes. Overexpres-
sion of the DNA-binding protein Dps (62) may contribute to
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DNA protection (see below). Thus, FeS protein defects resulting
from the YajL deficiency (20, 21) might be responsible for the
induction of the iron stress response of the yajL mutant.

The activation of the iron stress response in the yajL mutant
points to defects in iron metabolism (as evidenced by aconitase B
and NADH dehydrogenase deficiencies [21] and the occurrence of
many FeS proteins as YajL covalent partners [21]) and suggests
that iron metabolism defects might be underestimated in Parkin-
son’s cells.

DNA metabolism. Bacteria respond to DNA damage and de-
fects in DNA replication, recombination, or repair by inducing the
SOS response, which stimulates DNA repair and translesion DNA
synthesis (57). Translesion DNA polymerases 2 (PolB) and 4
(DinB) were severalfold overexpressed in the mutant (Table 1), as
were several genes involved in DNA repair, including mutS (mis-
match repair), uvrABCD (nucleotide excision repair), and recA.
Genes coding for base excision repair (mutM, nth, nei, alka, mutY,
nfo, and xth) were expresssed at normal levels (not shown),
whereas genes coding for the cell division inhibitor SulA and the
SOS response regulator LexA were overexpressed. Histone-like
proteins were also overexpressed, including HNS, which plays a
key role in transcriptional regulation and chromosomal organiza-
tion (63), and HU-alpha and HU-beta, which are involved in tran-
scriptional regulation and nucleoid compaction.

Induction of the SOS response led us to check whether DNA
damage was increased in the yajL mutant, by using the DNA dam-
age apurinic-site-counting kit and by measuring the rate of muta-
tion to rifampin resistance. The numbers of apurinic sites were
similar between the yajL mutant and the parental strain (13 = 1
per 100,000 bp in both strains [data not shown]), as was the mu-
tation frequency (around 5 rifampin-resistant mutants per 10°
cells for both strains [data not shown]), which suggests either that
the yajL mutant displays levels of DNA damage similar to those of
the parental strain or that it suffers slightly higher levels of DNA
damage that are erased by DNA repair processes. The induction of
the SOS response in the yajL mutant, in the absence of a measur-
able increase in DNA damage, suggests that the SOS response was
induced by defects in DNA metabolism enzymes (see Discussion).
This would corroborate the prevalence of protein defects in this
mutant (9, 20, 21) and in DJ-1-associated Parkinson cells.

Stress sigma factors, RNA chaperones, and small stable
RNAs. Transcription in E. coli involves RNA polymerase and mul-
tiple interchangeable sigma factors, each of which recognizes a
single set of promoters. Sigma 70 is involved in the transcription of
most genes in growing cells, whereas several specialized sigma
factors are involved in the transcription of stress response genes
and in transcription during the stationary phase (64). The gene
rpoD (encoding sigma 70) was expressed at normal levels in the
yajL mutant, whereas mRNAs coding for heat stress, extracyto-
plasmic stress, multistress, and nitrogen stress sigma factors
(sigma 32/RpoH, sigma 24/RpoE, sigma S/RpoS, and sigma 54/
RpoN, respectively) were 2- to 4-fold overexpressed (Table 1).

We measured by immunodetection the expression of sigma 70,
sigma S, and sigma 32 in the yajL mutant. Sigma 70 was expressed
at similar levels in both strains (Fig. 5A). The level of sigma 32 at
30°C was 1.5-fold higher in the yajL mutant than in the parental
strain and was increased severalfold in both strains after heat
shock at 42°C (Fig. 5B). During the exponential phase, sigma S was
hardly detectable in the parental strain, as previously reported (37,
54), but was expressed at significant levels in the yajL mutant
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(Fig. 5C) (in stationary phase, sigma S was overexpressed at sim-
ilar levels in both strains [data not shown]). Since sigma S levels
depend on its stability, we measured its half-life in exponential-
phase bacteria. The half-life of sigma S increased from around 60 s
in the parental strain (as previously reported [37, 54]) to 110 s in
the mutant (Fig. 5D), suggesting that both increased mRNA levels
and protein stability contribute to its overexpression in the mu-
tant. The increased levels and stability of sigma S in the yajL mu-
tant may result from its protein aggregation phenotype (see Dis-
cussion) (65).

Genes coding for the RNA chaperones CspA, CspB, CspE,
CspF, and CspG were up to 7-fold overexpressed in the yajL mu-
tant. Since the yajL mutant displays mRNA expression defects (9),
translational frameshifting, and increased dissociation of 70S
monosomes (44), it may require increased amounts of RNA chap-
erones, which destabilize RNA secondary structures and favor
transcription, translation, and ribosome assembly (66). In addi-
tion to their involvement in cold adaptation, CspA family proteins
play important roles in recovery from nutritional stress, chromo-
some condensation, and mRNA decay and expression of stress
proteins by stabilizing the rpoS mRNA (67), suggesting that their
overexpression could affect multiple functions in the cell.

Several noncoding regulatory RNAs (68) were overexpressed
in the yajL mutant, including 4.5S RNA (the RNA component of
the signal recognition particle), 6S RNA (which down- and up-
regulates sigma 70- and sigma S-dependent transcription, respec-
tively), transfer-messenger RNA (tmRNA) (ribosome rescue and
increased translation accuracy), and GevB (amino acid metabo-
lism regulation). Overexpression of 6S RNA, tmRNA, and GevB in
the yajL mutant could be related to its increased expression of
sigma S-dependent genes (this study), translational defects (9, 44),
and amino acid metabolism defects (Gautier et al., unpublished),
respectively.

Thus, the yajL mutant regulates its global stress response by
using RNA polymerase sigma factors (principally sigma 32 and
sigma S), transcription factors (OxyR and SoxRS), RNA chaper-
ones (CspA family proteins), and small regulatory RNAs (6S RNA,
tmRNA, and GcvB).

Peptidoglycan synthesis. E. coli cells elongate via the incorpo-
ration of peptidoglycan precursors by elongation-specific murein
synthesis complexes (PBP2, PBP1A, MreC, MreD, RodA, RodZ,
and LpoA) at filaments of the actin-like MreB and septate via the
incorporation of peptidoglycan precursors by cell division-spe-
cific murein synthesis complexes (PBP3, PBP1B, FtsN, FtsW,
FtsZ, ZipA, FtsQ, FtsL, FtsB, FtsK, FtsA, FtsE, FtsX, and LpoB) at
the tubulin-like FtsZ ring (69, 70). Under stress, or at the onset of
stationary phase, bacteria adopt a shorter and rounder shape by
switching from cell elongation to septation systems (69, 70). In the
yajL mutant, genes involved in peptidoglycan elongation were
globally underexpressed, whereas those involved in septation were
globally overexpressed (Fig. 6). The shapes of the cells of the yajL
mutant and parental strains were investigated by using phase-
contrast microscopy. Parental cells exhibited a normal rod shape
at midexponential phase (ODg,, = 0.2), whereas the yajL mutant
displayed many short rods and oval cells (Fig. 6) (both parental
and mutant cells were short rods or oval in stationary phase [data
not shown]). This result suggests that the yajL mutant adopts a
shorter and rounder shape as part of its strategy to compensate for
YajL deficiency.
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FIG 5 Sigma 70, sigma 32, and sigma S levels in the yajL mutant. Bacteria were treated with 10% TCA, and resolubilized proteins were probed with anti-sigma
70 (A), anti-sigma 32 (bacteria were harvested after growth at 30°C or after heat shock for 5 min at 42°C) (B), and anti-sigma S (bacteria were harvested in
exponential phase at different ODg, values) (C) antibodies, and protein amounts in the wild-type strain (black bars) and the yajL mutant (gray bars) were
quantified by using Image]J software. The data represent the means of three independent experiments. (D) Sigma S stability. Bacteria in exponential phase
(ODgyo = 0.3) were treated with 100 pg/ml chloramphenicol, and sigma S levels were determined at several times with anti-sigma S antibodies (the amount of
wt cells used for immunodetection was 5-fold higher than that of yajL mutant cells). Sigma S amounts in wt (circles) and yajL mutant (triangles) cells were
quantified by using ImageJ software and are represented (in logarithmic scale) as a function of time after chloramphenicol addition. The data represent the means
of three independent experiments. The error bars represent standard deviations.

DISCUSSION

In this work, we show that the yajL mutation triggers the onset of
a global stress response that consists of the overexpression of genes
coding for chaperones, proteases, chemical chaperone transport-
ers, superoxide dismutases, catalases, peroxidases, components of
thioredoxin and glutaredoxin systems, iron transporters, ferritins
and FeS cluster biogenesis enzymes, DNA repair proteins, RNA
chaperones, and small regulatory RNAs, and also those involved
in peptidoglycan septation.

Chaperones, peptidases, chemical chaperones, and efflux
pump. The DnaK chaperone machine and the disaggregase ClpB
help the yajL mutant to resolve its protein aggregation defects (9,
42, 43), and chemical chaperones may contribute to protein sol-
ubilization (5, 49, 50). Overexpressed proteases (Lon, Clp, and
FtsH) and peptidases favor the degradation of protein aggregates
(42,43,71), and the efflux pump AcrAB may discard aggregation-
prone hydrophobic peptides (52, 72). Thus, the yajL mutant sets
up a coherent protein stress response to cope with protein aggre-
gation.

In eukaryotic cells, Hsp70 and Hsp40 (DnaK and DnaJ coun-
terparts) have been extensively implicated in the pathogenesis of
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protein-misfolding diseases, and their overexpression reduces the
aggregation and toxicity of A peptides and a-synuclein (73, 74).
Moreover, the yeast disaggregase Hsp104 (a ClpB counterpart),
when overexpressed in mammalian cell lines, inhibits AR amy-
loidogenesis and reverses the formation of a-synuclein fibers (75).
Hsp70 and/or Hsp40 has been reported to be either overexpressed
(23-25) or underexpressed (24, 45) in Parkinsonism, and Hsp70 is
upregulated in the presence of DJ-1 (76). Protein degradation
defects are also involved in protein aggregation diseases (71, 77):
the Parkinsonism-associated protein parkin is an E3 ubiquitin ligase
(5), and ubiquitin-conjugating enzymes and proteasome subunits
are downregulated in several forms of Parkinsonism (24, 45).

As for chemical chaperones, they are not synthesized by mam-
malian cells, but they have been used to correct prion and sy-
nuclein folding defects (48, 78). The function of the AcrAB efflux
pump is reminiscent of that of the eukaryotic multidrug resistance
P glycoprotein, which expels beta-amyloid peptides (72), and of
that of glutathione S-transferases, which play a role in detoxifica-
tion and are upregulated in several forms of Parkinsonism (25,
26), including in DJ-1-deficient cells (25).

Oxidative-stress resistance and iron metabolism. Overex-

Journal of Bacteriology


http://jb.asm.org

Stress Response in a Bacterial yajL Mutant

Elongation

Septation

yajl/wt expression ratio

C

oo°" ook e

e

wit

«\(69‘ odp‘\p% %Q’\%bp'b “5\4“5\1‘1 (\50 (\s¥“63“96:(\5‘/‘(\ap‘f(\5‘(*7;\pp‘ “51

yajL

FIG 6 Expression of peptidoglycan synthesis genes and microscopic observation of bacteria. (A) Expression of genes coding for elongation-specific and cell
division-specific peptidoglycan synthesis complexes. (B) Microscopic observation of bacterial cells. Shown are fluorescence images of wild-type and yajL mutant

cells labeled with the membrane-binding fluorescent dye FM4-64.

pressed ROS-scavenging enzymes, thioredoxin/glutaredoxin sys-
tems, and NADPH-producing enzymes in the yajL mutant help
lower hydrogen peroxide levels (9), maintain a normal protein
dithiol-disulfide redox state (9, 21), and restrict protein oxidation
to acceptable levels (20, 55). Despite its oxidative-stress response,
the yajL mutant displays protein sulfenylation and FeS protein
defects (20, 21) that may trigger the upregulation of iron metab-
olism genes, including iron transporters, ferritins, and enzymes
involved in FeS cluster biogenesis (61).

Gene expression profiling of DJ-1 knockdown cells under-
scored 49 overexpressed genes, including glutathione S-trans-
ferase (25) and many genes whose functions are thought to be
related to cell death or neurodegeneration, but it was not possible
to describe a coherent oxidative-stress response like that reported
in the present study. In contrast, other studies reported that DJ-1
mutants are deficient in glutathione metabolism (6, 19) and cyto-
plasmic superoxide dismutase (79) and that levels of Nrf2 (the
main eukaryotic oxidative-stress regulator) and of Nrf2-depen-
dent genes are lowered (13) or unaffected by DJ-1 disruption (80).

FeS cluster defects have not been formally reported in DJ-1-
deficient cells, although aconitase and complex I deficiencies have
been described (12, 81). Interestingly, a 35% increase in iron con-
tent has been observed in the substantia nigra of Parkinson’s pa-
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tients, with an elevation of the Fe**/Fe®* ratio and oxidative stress
characterized by a lower GSH content, reduced catalase activity,
higher superoxide dismutase activities, DNA oxidation, protein
carbonylation, and FeS cluster biogenesis defects (82), suggesting
that disturbances in iron metabolism occur in Parkinsonism.

Thus, in contrast to eukaryotic cells, the yajL mutant uses a
clear strategy to compensate for its protein oxidation defect (9, 20,
21): it overproduces ROS-scavenging enzymes, protein oxi-
doreductases, and enzymes involved in glutathione metabolism
(which explains its low hydrogen peroxide level and its normal
glutathione level and redox state) to keep protein oxidation at
acceptable levels. Moreover, its oxidative-stress response is pow-
ered by the oxidative-stress regulators OxyR and SoxRS and by
sigma S.

SOS response and DNA metabolism. The yajL mutant in-
duced a SOS response (57), although it did not display increased
DNA damage. Since chronic SOS induction occurs in mutants
defective in DNA repair, recombination, or replication genes and
since several of these mutants (lig, recN, ftsE, ftsX, and priA) in-
duce the SOS response without displaying a mutator phenotype
(83), the induction of the SOS response in the yajL mutant may
result from defects in DNA metabolism enzymes. It may also re-
sult from defective regulation by RecA/LexA: LexA does not con-
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tain cysteine residues; however, cysteine 117 in RecA plays arole in
the RecA-promoted cleavage of LexA (84). The possible oxidation
of this residue in the yajL mutant might result in increased cleav-
age of the LexA repressor. Moreover, several genes, such as polB
and dinB, display sigma S-inducible expression: thus, overexpres-
sion of these genes in the yajL mutant might be due to the fact that
it contains higher levels of sigma S.

To our knowledge, DJ-1-deficient cells have not been reported
to undergo DNA damage. However, the Parkinsonism-associated
parkin protects mitochondrial DNA from damage caused by oxi-
dative stress (83), and increased 8-oxoguanine levels have been
detected in mitochondria in the substantia nigra of Parkinson’s
patients (84), suggesting that DNA damage may occur in Parkin-
sonism.

Stress sigma factors and RNA metabolism. The yajL mutant
overexpressed stress sigma factors (sigma 24, sigma 32, sigma 54,
and sigma S), which contribute to induction of the stress response
(54). It also overexpressed RNA chaperones and small regulatory
RNAs, which are involved in upregulating stress genes (6S RNA)
and in preventing defects in translation (RNA chaperones and
tmRNA) and metabolism (GevB RNA) (66, 68). The stabilization
of sigma S in the yajL mutant (which accumulates both oxidized
and aggregated proteins [9, 20, 21] and displays decreased trans-
lational accuracy [44]) is reminiscent of its stabilization in ribo-
somal inaccurate mutants, which accumulate oxidatively modi-
fied aberrant proteins (65). In contrast, the similar growth rates
shown by the yajL mutant and the parental strain (unpublished
results) suggest that they contain similar ppGpp pools (54). This
disfavors ppGpp as a contributor to the higher sigma S levels ob-
served in the yajL mutant (ppGpp stimulates rpoS transcription,
as well as the formation of the RpoS-RNA polymerase holoen-
zyme, which activates RpoS and protects it against degradation).
Overexpression of sigma 32 likely mediates the upregulation of
chaperones, proteases, and peptidases, and overexpression of
sigma S mediates the upregulation of several osmotic- and oxida-
tive-stress genes. Overexpression of sigma 54 in the mutant may
be caused by its amino acid utilization defect (Gautier et al., un-
published). As stated above, DJ-1 does not upregulate the oxida-
tive-stress transcription factor Nrf2 (13, 80) but regulates gene
expression at the translational level by binding, in an oxidation-
dependent manner, multiple RNA targets coding for selenopro-
teins, glutathione peroxidases, NADH dehydrogenase, and cyto-
chrome oxidase (15, 16).

To sum up, the global stress response of the yajL mutant is
mainly mediated by its protein stress (protein sulfenylation, pro-
tein aggregation, and FeS protein defects [9, 20, 21]), which results
in the upregulation of sigma 32 and sigma S (42, 43, 54), the
upregulation of the oxidative-stress regulator SoxS, and the acti-
vation of the oxidative-stress regulator OxyR (activated by sulfe-
nylation and disulfidation). Protein defects of this mutant may
also activate the iron stress response (inducible by FeS protein
defects [61]) and the SOS response (inducible by defects in repli-
cation enzymes [83] or in LexA/RecA [57, 84]).

Peptidoglycan synthesis. Like stressed cells and stationary-
phase cells, the yajL mutant adopts a shorter and rounder shape,
causing a decrease in the surface-to-volume ratio and a reduction
in the surface area exposed to the environment. Such shorter and
rounder E. coli cells are frequently observed under environmental-
stress conditions (69, 70, 85). Thus, the adoption of a shorter and
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rounder shape by the yajL mutant is part of its strategy to com-
pensate for YajL deficiency.

Stress response of Parkinson’s disease brain tissue. Taken to-
gether, genome-wide expression studies of the Parkinson’s disease
brain suggest that stress responses are involved in the disease (22),
but none of these studies revealed a global stress response such as
that reported in our prokaryotic model of DJ-1-associated Parkin-
sonism (22). Other studies show that overexpression of Hsp70
and Hsp40 (24, 25) contrasts with the downregulation of Hsp105,
Hsp90, Hsp70, Hsp40, and Hsp10 (45). Similarly, the upregula-
tion of glutathione S-transferase (25, 26) and of superoxide dis-
mutase (12) contrasts with the downregulation of glutathione S-
transferase M3 (26), superoxide dismutase (25,79), and Nrf2 (13).
Thus, increases in stress gene expression reported in some studies
are frequently contradicted by decreases reported in others. In a
more consensual manner, FeS protein defects (2, 81, 82) and the
activation of iron metabolism have been reported in many studies
(22), as well as DNA damage (86, 87) and induction of DNA repair
enzymes (23, 25). The contradictory results may be explained by
problems inherent in genome-wide expression studies of Parkin-
son’s disease brain tissues, such as a mixed cell population with the
presence of dying cells, elapsed time between death and freezing of
brain tissue, brain anoxic states, and the fact that most gene ex-
pression changes may represent downstream consequences of a
disease whose onset occurred many years before the gene expres-
sion analysis.

Finally, the great similarity betweeen protein insults and stress
responses in prokaryotes and eukaryotes and the clarity of the
presently described stress response enhance the value of the pres-
ent study (although one must be cautious when comparing pro-
karyotic and eukaryotic cells, in which YajL and DJ-1 may have
different targets). Our results suggest, however, that a global stress
response similar to that described here might occur during the
early phase of DJ-1-associated Parkinsonism.
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